To better define the function of Saccharomyces cerevisiae SSB1, an abundant single-stranded nucleic acid-binding protein, we determined the nucleotide sequence of the SSBI gene and compared it with those of other proteins of known function. The amino acid sequence contains 293 amino acid residues and has an Mr Of 32,85J. There are several stretches of sequence characteristic of other eucaryotic single-stranded nucleic acid-binding proteins. At the amino terminus, residues 39 to 54 are highly homologous to a peptide in calf thymus UP1 and UP2 and a human heterogeneous nuclear ribonucleoprotein. Residues 125 to 162 constitute a fivefold tandem repeat of the sequence RGGFRG, the composition of which suggests a nucleic acid-binding site. Near the C terminus, residues 233 to 245 are homologous to several RNA-binding proteins. Of 18 C-terminal residues, 10 are acidic, a characteristic of the procaryotic single-stranded DNA-binding proteins and eucaryotic DNA-and RNA-binding proteins. In addition, examination of the subcellular distribution of SSB1 by immunofluorescence microscopy indicated that SSB1 is a nuclear protein, predominantly located in the nucleolus. Sequence homologies and the nucleolar localization make it likely that SSB1 functions in RNA metabolism in vivo, although an additional role in DNA metabolism cannot be excluded.
32,85J. There are several stretches of sequence characteristic of other eucaryotic single-stranded nucleic acid-binding proteins. At the amino terminus, residues 39 to 54 are highly homologous to a peptide in calf thymus UP1 and UP2 and a human heterogeneous nuclear ribonucleoprotein. Residues 125 to 162 constitute a fivefold tandem repeat of the sequence RGGFRG, the composition of which suggests a nucleic acid-binding site. Near the C terminus, residues 233 to 245 are homologous to several RNA-binding proteins. Of 18 C-terminal residues, 10 are acidic, a characteristic of the procaryotic single-stranded DNA-binding proteins and eucaryotic DNA-and RNA-binding proteins. In addition, examination of the subcellular distribution of SSB1 by immunofluorescence microscopy indicated that SSB1 is a nuclear protein, predominantly located in the nucleolus. Sequence homologies and the nucleolar localization make it likely that SSB1 functions in RNA metabolism in vivo, although an additional role in DNA metabolism cannot be excluded.
Eucaryotes contain multiple species of proteins that bind preferentially but without sequence specificity to singlestranded DNA (ssDNA). Since the ssDNA-binding proteins (SSBs; the term SSB has traditionally been used to describe proteins that bind ssDNA and whose in vivo role involves binding to DNA, and this definition will be adhered to in this paper) specifically stimulate certain DNA polymerases, it was at first thought that they were involved in unwinding DNA during replication, recombination, and repair, as has been shown for their procaryotic counterparts (for reviews, see references 4 and 18) . Still, one protein carries out all these functions in bacteria, and there was no good explanation for the multiplicity of SSBs in eucaryotic systems. It is now clear that an analogy to the procaryotic prototype was much too simple a view and that the physical heterogeneity of eucaryotic SSBs reflects proteins of many diverse physiological functions. In fact, even in their mechanism of DNA polymerase stimulation, the eucaryotic and procaryotic SSBs are very different. Procaryotic SSBs stimulate cognate polymerases by specific protein-protein interactions. In eucaryotes, however, the stimulation apparently occurs because of a unique feature of DNA polymerase a which, unlike procaryotic DNA polymerases and the other eucaryotic polymerases, is inhibited by naked ssDNA. DNA polymerase a activity is not inhibited, however, if the ssDNA is coated with an SSB (5) .
By comparison of protein and DNA sequence data, the structural and functional relationships between the various eucaryotic SSBs that have been described over the years are just now coming to be understood. Interestingly, the SSBs described to date may not really be SSBs at all. A few of these so-called SSBs have turned out to be dehydrogenases that fortuitously bind to DNA, presumably by virtue of their nucleotide-binding sites (5) . Furthermore, the importance of other SSBs in eucaryotic RNA metabolism has become obvious. Analysis of amino acid sequences of the prototype eucaryotic SSBs, UP1 and UP2 proteins from calf thymus (11) (12) (13) and HDP1 protein from mouse myeloma (38) , shows that there is extensive sequence homology with heterogeneous nuclear ribonucleoproteins (hnRNPs). Strongly homologous stretches of sequence can be seen between hnRNP Al and UP1 (19, 26, 28, 38) , between hnRNP A2 and HDP1 (19) , and between UP2 and yet another, non-A type hnRNP (21) . These hnRNPs are core components of the 40S hnRNP complex, which contains nascent mRNA and is thought to be involved in the transport, stabilization, or processing of mRNA (5) . Whether the same protein or related proteins are involved in such different processes as replication and RNA processing remains to be demonstrated.
We have shown that Saccharomyces cerevisiae, like other eucaryotes, contains multiple species of SSBs (15, 16 Homology and structure studies. The protein sequence predicted by the DNA sequence was used to screen the GENBANK Data Base for regions of homology with other DNA-or RNA-binding proteins. The region from residues 125 to 162 containing the repeated sequence RGGFRG was analyzed by using graphics software developed by S. Mayo at the California Institute of Technology to predict its secondary structure.
Localization of the SSB1 gene product in yeast cells. Immunofluorescence microscopy was carried out by a modification of the techniques of Adams and co-workers (2, 17).
Wild-type S. cerevisiae YM214 was grown to an A590 of 0.5 and harvested. Cells were washed and fixed in 3.7% formaldehyde in 0.1 M KPO4 (pH 6.5) for 90 min. The fixed cells were washed and treated with a mixture of P-glucuronidase (Sigma Chemical Co.) and Zymolyase. The spheroplasts were mounted on polylysine-coated glass slides, extracted with methanol and then with acteone, and allowed to air dry. A 1-mg/ml solution of affinity-purified rabbit anti-SSB1 immunoglobulin G was applied and incubated for 17 h at 6°C. Slides were washed with buffer and incubated with a 1/100 dilution of anti-rabbit immunoglobulin G-fluorescein isothiocyanate conjugate (Sigma). Cells were washed, 1 drop of 90% glycerol containing 1 mg of propyl gallate per ml was applied, and a cover slip was attached. Slides were viewed with a Zeiss standard microscope by using Nomarski interference optics and fluorescein isothiocyanate excitation wavelengths.
RESULTS AND DISCUSSION
Determination of the size of SSB1 mRNA. Samples of poly(A)+ mRNA from wild-type yeast strain SS111 transformed with YEp24 or pSB1-4 were fractionated by size on a denaturing gel by electrophoresis, transferred to nitrocellulose, and hybridized with a 32P-labeled probe of the EcoRIHpaI fragment of the cloned SSBJ gene (15) . The probe detected a single band of about 1.2 kb in length (Fig. 1) . The lane containing RNA from SS111(pSB1-4) showed a 10-fold overproduction of the mRNA, as compared with the SS111(YEp24) lane, as determined by quantitation of the radioactivity in the bands after excision from the gel, confirming that the band in lane 1 encoded SSB1. The size of the mRNA was sufficient to encode 45-kilodalton SSB1.
It was somewhat unexpected that only a single 1.2-kb RNA was observed. In contrast, Southern analysis with the same EcoRI-HpaI internal fragment as the probe revealed the presence of two bands (15) . One corresponded to the authentic SSBI gene, and the second, more weakly hybridizing band, suggested that there might be a second, related gene in S. cerevisiae (15) . Since SSB1 is an abundant protein, it is likely that the mRNA is also relatively abundant (15, 16) . If there is a second, related gene, it must either have been the same size as SSBI, 1.2 kb not being an unusual length, or it could have been less abundantly transcribed and gone undetected in the experiment shown in Fig. 1 exonuclease III by a modification of the method of Henikoff (10) . The sequence was determined in both orientations four to seven times by the dideoxy chain termination method. The DNA sequence and translation of the open reading frame are shown in Fig. 3 . The accuracy of the sequence was judged in two ways. First, the experimentally determined restriction map was shown to coincide with that derived from the sequence. Second, and more importantly, the deduced open reading frame was confirmed by a comparison with the previously determined amino acid sequences of five CNBr-and trypsin-cleaved peptides of SSB1, peptides P1 to P5 (16) . All of the peptides were accounted for in the DNA sequence (Fig. 3 ). Minor differences can be explained as follows. P3 differed from P5 only in its N terminus, and because the phenylthiohydantoin amino acid sequencing signals were ambiguous (16), we assume that P3 is the same as P5. The N terminus of P1 described in reference 16 also differed from that in Fig. 3 . However, this difference can be attributed to the ambiguous phenylthiohydantoin signals obtained for this end of the peptide (16) . Since the majority of the P1 peptide amino acids were identical to those in the open reading frame, we presume that these sequences coincide. Also, considering that the DNA sequence was determined multiple times without variation, we conclude that the sequence in Fig. 3 is correct .
Analysis of the sequence shows that a possible initiation signal for transcription 56 bases upstream from the first ATG is the less common TCGA (8) . The only TATA sequence in the 5'-flanking region is 397 bases upstream from the start codon and thus is unlikely to serve as an initiation signal. There are 5 in-frame and 13 Fig. 4 . The large number of hydrophilic residues and the absence of large regions of highly hydrophobic residues indicate that this protein is probably soluble and not membrane bound (20) .
Homology to RNA-binding proteins. The homologies suggest that these proteins may be derived from a common ancestor or may constitute a gene family or both. In fact, calf thymus UPI appears to be derived from hnRNP Al by proteolysis (6. 19, 28) . This apparent precursor-product relationship between these proteins could be the result of the following. (i) Proteolysis of hnRNP Al during purification removes the C-terminal domain. The isolated protein is then a degraded artifact. (ii) Proteolysis of one functional protein into another truncated functional protein is a part of the protein maturation process. This process would be analogous to the release of the C terminus of the epidermal growth factor receptor, resulting in the production of an active protein-tyrosine kinase (9) . (iii) Nucleic acid-binding proteins are derived from a common ancestor; they are so closely related that we cannot distinguish their differences simply by evaluation of their sequences. The last is the least likely. In any case, yeast SSB1 exhibits homology with short stretches of peptides within various kinds of nucleic acid-binding proteins, suggesting that its role in vivo involves interaction with either RNA or DNA.
A third feature conserved in single-stranded nucleic acidbinding proteins in both procaryotes and eucaryotes is an acidic C terminus, and this is also a characteristic of SSB1. From residues 276 to the terminal residue 293, nine residues are glutamic acid and one is aspartic acid. The acidic C terminus has been shown to reduce the affinity of procaryotic SSBs for DNA and is thought to modulate binding in eucaryotic proteins as well.
Repeated sequence element. As shown in the boxed area in Fig. 3 , the central region of SSB1 contains a tandem repeat of the sequence RGGFRG (residues 125 to 161) which appears as three larger homologous peaks and two smaller ones on the hydropathy plot shown in Fig. 4 . This pattern is typical of a helical secondary structure, and an alpha helix with this sequence was shown by computer modeling to have the appropriate dimensions for interaction with A-form ssDNA (S. Mayo and J. Campbell, unpublished observations). In addition to this feature, the most notable aspect of this sequence is a high concentration of basic and aromatic amino acids. The contribution of aromatic and positively charged amino acids to the binding of ssDNA by fd gene 5 protein (27) , bacteriophage T4 gene 32 protein (29) , and E. coli SSB (37) has been analyzed by several methods. The studies suggest that the positively charged amino acids interact with the negatively charged phosphodiester backbone of ssDNA while the aromatic amino acids stack with the bases. It has been proposed that this stacking interaction accounts for the ability of SSBs to specifically recognize single-stranded as opposed to double-stranded nucleic acids, since less energy is required to unstack ssDNA than dsDNA. On the basis of these studies, it is reasonable to suggest that the tandem repeat sequence in SSB1 is involved in its binding to single-stranded nucleic acid.
An examination of other RNA-and DNA-binding proteins for sequences with compositions similar to that of the RGGFRG repeat revealed several interesting conserved features (6, 22-24, 30, 34 In contrast to the helical structure proposed for the repeat in SSB1, however, the separate domain in hnRNP Al (HD2) appears to be disordered (6) . Another protein that carries a C-terminal repeat composed of Arg, Gly, and Phe is the human nucleolar protein C23, or nucleolin. This Arg-GlyPhe region is even more similar to the repeat in SSB1 than is the Gly-rich region of hnRNP Al, although the nucleolin repeat still has a primary sequence and length different from those of SSB1 (22, 23, 34) . A second, 34-kilodalton nucleolar protein, a scleroderma antigen, also contains Gly-Arg clusters interspersed with Phe (24) . The difference in actual sequence of the three common amino acids may give rise to different protein-nucleic acid structures and hence specific functions. These sequence comparisons suggest, however, that SSB1 may be more closely related to nucleolar proteins than to mRNA hnRNPs. Both hnRNPs and nucleolar proteins contain large fractions of Arg residues in the modified form of N,N-dimethlylarginine (22, 24, 34) . We have no evidence as to whether the Arg residues in the repeated portion of SSB1 are dimethlyated. This modification would perhaps serve to stabilize the positive charge against environmental changes, suggesting that this substitution may be important for function.
Localization of SSB1 to the nuclear periphery by immunofluorescence microscopy. Indirect immunofluorescence microscopy with affinity-purified antibody to SSB1 demonstrated that SSB1 is exclusively in the yeast cell nucleus (Fig. 5) . Two distinct images of nuclear staining were seen with anti-SSB1 antibody. The predominant image, seen in 70% of the cells, was a crescentlike pattern, filling about one-third of the nuclear periphery. In the remaining cells, a halolike fluorescence that circled the entire nuclear circumference was observed. Neither of the two images of nuclear staining was observed if the anti-SSB1 antibody was incubated with 5 to 10 molar equivalents of purified SSB1 before use (data not shown). Thus, both of the observed fluorescence staining patterns are representative of the nuclear location of SSB1.
We interpret the two fluorescent images seen for SSB1 as two different views of a single staining pattern. This pattern would be expected if SSB1 were found in a caplike structure oriented perpendicular to the long axis of the nucleus. Such a structure would produce the crescentlike and halolike images in about the proportions observed in the anti-SSB1 staining when different cells were viewed from random angles.
It is tempting to speculate that the stained region corresponds to the nucleolus. The yeast nucleolus has also been described as a caplike structure, referred to as the dense crescent, taking up about one-third of the nuclear area (35) . To investigate whether SSB1 is localized in the nucleolus, we adapted a nucleolus-specific silver staining method used extensively in studies of the mammalian system to the yeast system (36) . The silver stain formed the same proportions of crescent-like and halolike images as were seen with indirect immunofluorescence (Fig. 6) . The similarity in the pattern observed with silver and with anti-SSB1 antibody strongly suggests that SSB1 is located predominantly in the nucleolus. This conclusion is also in line with the similafity of the RGGFRG repeat of SSB1 to the C-terminal repeats in nucleolin, a major human nucleolar protein (see above).
Clearly, further studies will be required to completely define the biological roles played by SSB1 and its structural relationship to other eucaryotic single-stranded nucleic acidbinding proteins. However, the studies presented here strongly suggest that SSB1 is a nucleolar protein and show that SSB1 shares many features with proteins whose cellular functions are known to involve RNA binding. Thus, at this point, we favor a role for SSB1 in RNA metabolism rather than DNA metabolism, as had been assumed in the past. The (2, 17) . (B) Yeast cells stained with the nucleolus-specific silver stain viewed under bright-field illumination (36 solely from the abundance of the RNA-binding proteins. Another important outcome of this work is the discovery of a nucleolar marker for S. cerevisiae that will be very useful for cytological and cell biological investigations. Finally, the use of this protein for structure and function studies, especially those involving the internal RGGFRG repeat, should be generally informative as to the mode of binding of this whole class of proteins to ssDNA or RNA.
